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SLOHFKDUDFWHUL]HGE\DQ³HIIHFWLYHHPEHGPHQWGHSWK´>@+RZHYHUWKHEHKDYLRXURIWKHHTXLYDOHQWULJLGSLOHLV
UDWKHUGLIIHUHQWIURPWKDWRIDIOH[LEOHSLOH7KHHTXLYDOHQWSLOHULJLGO\URWDWHVDURXQGDSLYRWSRLQWORFDWHGDWDFHUWDLQ
GHSWKIURPWKHSLOHWRSZKHUHDVWKHIOH[LEOHSLOHEHQGVZLWKWKHPD[LPXPGHIOHFWLRQFRQILQHGLQWKHXSSHUSRUWLRQRI
WKHSLOH0RUHRYHUWKHVWUXFWXUDOSURSHUWLHVRIWKHSLOHZKLFKDUHLQSDUWFRQVLGHUHGLQWKHHTXLYDOHQWULJLGSLOHPRGHO
VKRXOGEHDGHTXDWHO\WDNHQLQWRDFFRXQWIRUDUHDOLVWLFSUHGLFWLRQRIWKHSLOHEHKDYLRXUHVSHFLDOO\IRUKLJKOHYHOVRI
ORDGLQJ$PRUHFRPSUHKHQVLYHDSSURDFKEDVHGRQ WKH ILQLWHHOHPHQWPHWKRG LVXVHG LQ WKLVSDSHU WRDQDO\VH WKH
EHKDYLRXURIUHLQIRUFHGFRQFUHWHUFSLOHVVXEMHFWHGWRLQFOLQHGORDGVXQGHUWKUHHGLPHQVLRQDO'FRQGLWLRQV,Q
WKLVDSSURDFKWKHQRQOLQHDUEHKDYLRXURIWKHVRLODQGSLOHLVDFFRXQWHGIRUXVLQJVXLWDEOHFRQVWLWXWLYHPRGHOVZKLFK
DOORZWKHRFFXUUHQFHRISODVWLFVWUDLQVLQWKHVRLOFRQFUHWHFUDFNLQJDQGUHLQIRUFHPHQW\LHOGLQJLQWKHSLOHWREHUHOLDEO\
VLPXODWHG8VLQJWKHSUHVHQWDSSURDFKWKHLQIOXHQFHRIWKHORDGLQFOLQDWLRQRQWKHEHKDYLRXURIUFSLOHVLVDQDO\VHG
0HWKRGRIDQDO\VLV
7KHILQLWHHOHPHQWFRGH$%$486>@LVXVHGLQWKHSUHVHQWSDSHUWRDQDO\VHWKHUHVSRQVHRIDUFSLOHWRLQFOLQHG
ORDGV7KLVFRGHDOORZVVHYHUDOFRQVWLWXWLYHPRGHOVWREHXVHGIRUWKHVRLOFRQFUHWHDQGVWHHO&RQVLGHULQJWKDWLQWKH
FXUUHQWDSSOLFDWLRQVRQO\URXWLQHSDUDPHWHUVDUHRIWHQDYDLODEOHWKHFRQVWLWXWLYHPRGHOVHPSOR\HGLQWKHSUHVHQWVWXG\
DUHUHODWLYHO\VLPSOHDQGUHTXLUHIHZPDWHULDOSDUDPHWHUVDVLQSXWGDWD,QDGGLWLRQWKHVHSDUDPHWHUVFDQEHREWDLQHG
IURP FRQYHQWLRQDO WHVWV 6SHFLILFDOO\ DQ HODVWLFSHUIHFWO\ SODVWLF 0RKU±&RXORPE PRGHO ZLWK IORZ UXOH RI QRQ
DVVRFLDWHGW\SHLVFRQVLGHUHGIRUPRGHOOLQJWKHVRLOEHKDYLRXU7KHVRLOSDUDPHWHUVUHTXLUHGE\WKLVFRQVWLWXWLYHPRGHO
DUHWKHHODVWLFSDUDPHWHUV<RXQJ¶VPRGXOXV(¶DQG3RLVVRQ¶VUDWLRQ¶DQGWKHVWUHQJWKSDUDPHWHUVVKHDUUHVLVWDQFH
DQJOHM¶HIIHFWLYHFRKHVLRQF¶DQGDQJOHRIGLODWDQF\\5HJDUGLQJWKHFRQFUHWHLWLVDVVXPHGWKDWIRUFRPSUHVVLYH
VWUHVVHV WKLVPDWHULDOEHKDYHVDVDQHODVWLFSODVWLFPDWHULDOZLWKLVRWURSLFKDUGHQLQJVRIWHQLQJDQGDVVRFLDWHGIORZ
UXOH )RU WHQVLOH VWUHVVHV D GLIIHUHQW PRGHO LV XVHG WR VLPXODWH WKH RFFXUUHQFH DQG GHYHORSPHQW RI FUDFNLQJ
6SHFLILFDOO\ FUDFNLQJ RFFXUV ZKHQ WKH VWUHVV VWDWH UHDFKHV D ³FUDFN GHWHFWLRQ´ VXUIDFH ZKLFK LV GHVFULEHG E\ D
UHODWLRQVKLSRI0RKU&RXORPEW\SHZLWKWKHFUDFNGLUHFWLRQEHLQJQRUPDOWRWKLVVXUIDFH$IWHUWKLVFRQGLWLRQ WKH
PDWHULDO LV VXEMHFWHG WR D VRIWHQLQJPHFKDQLVPZKLFK LV GRPLQDQWO\ D GDPDJHSURFHVVZLWK WKHRSHQ FUDFNV WKDW
SURYRNHD UHGXFWLRQRI WKHFRQFUHWH VWLIIQHVV7KHFUDFNV FORVHDJDLQZKHQ WKH VWUHVVDFURVV WKHP WXUQVRXW WREH
FRPSUHVVLYH>@$VWUHVVVWUDLQUHODWLRQVKLSXQGHUXQLD[LDOFRQGLWLRQVOLNHWKDWVKRZQLQ)LJXUHLVUHTXLUHGE\
WKLVPRGHO


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$VLQGLFDWHGLQWKLVILJXUHWKHUHTXLUHGPHFKDQLFDOSDUDPHWHUVDUH<RXQJ¶VPRGXOXV(FFRPSUHVVLYHVWUHQJWKIFP
DQGWHQVLOHVWUHQJWK IFWP7KHVWUHVVVWUDLQFXUYHUHFRPPHQGHGE\WKH(&GHVLJQUHJXODWLRQ>@LVDOVRSORWWHGLQ
)LJXUHIRUWKHVDNHRIFRPSDULVRQ5HLQIRUFHPHQWFRQVLVWVRIVWHHOEDUVWKHEHKDYLRXURIZKLFKLVDVVXPHGWREH
HODVWLFSHUIHFWO\SODVWLFIRUERWKWHQVLOHDQGFRPSUHVVLYHVWUHVVHV7KHUHIRUHWKHPDWHULDOSDUDPHWHUVUHTXLUHGE\WKLV
ODWWHUFRQVWLWXWLYHPRGHODUH<RXQJ¶VPRGXOXV(V3RLVVRQ¶VUDWLRQVDQG\LHOGVWUHVVI\5HLQIRUFHPHQWLVDVVXPHGWR
EHVPHDUHGRQDF\OLQGULFDOVXUIDFHZKLFKLVHPEHGGHGLQWKHFRQFUHWHDQGLVSHUIHFWO\ERQGHGWRLW)LQDOO\DVWUHQJWK
FULWHULRQRI0RKU&RXORPEW\SHLVLPSRVHGDWWKHVRLOSLOHLQWHUIDFHWROLPLWWKHVKHDUIRUFHVLQGXFHGE\ORDGLQJ,Q
DGGLWLRQWKHLQWHUIDFHHOHPHQWVDUHDOORZHGWRVHSDUDWHZKHQDWHQVLOHIRUFHGHYHORSV,QWKHVHFLUFXPVWDQFHVDJDS
EHWZHHQSLOHDQGVRLORFFXUV$VDFRQVHTXHQFHWKHVKHDUDQGQRUPDOIRUFHVDUHVHWWR]HUR$PRUHGHWDLOHGGHVFULSWLRQ
RIWKHFRQVWLWXWLYHPRGHOVDVVXPHGIRUFRQFUHWHDQGVWHHOFDQEHIRXQGLQVRPHSUHYLRXVSDSHUVE\WKHDXWKRUV>@
3LOHEHKDYLRXUXQGHULQFOLQHGORDGV
7KHUHVXOWVSUHVHQWHGLQWKLVVHFWLRQFRQFHUQDUFSLOHVZLWKDGLDPHWHURIPDQGOHQJWKRIPHPEHGGHGLQ
DKRPRJHQHRXVVRLOOD\HU7KHJHRWHFKQLFDOSDUDPHWHUVDVVLJQHGWRWKLVOD\HUDUHLQGLFDWHGLQ7DEOHLQZKLFKJLV
WKHXQLWZHLJKWRIWKHVRLO,QDGGLWLRQWKHIULFWLRQDQJOHDWWKHVRLOSLOHLQWHUIDFHLVG M¶3LOHUHLQIRUFHPHQWFRQVLVWV
RIVWHHOEDUVZLWKDGLDPHWHURIPP7KHVWUXFWXUDOSURSHUWLHVRIWKHFRQFUHWHDQGUHLQIRUFHPHQWDUHLQGLFDWHG
LQ7DEOH)LJXUHVKRZVWKHILQLWHHOHPHQWPHVKDGRSWHGLQWKHDQDO\VLV
7DEOH6RLOSURSHUWLHVDVVXPHGLQWKHDQDO\VLV
J (¶ Q¶ F¶ M¶ \
N1P 03D  N3D  
     

7DEOH6WUXFWXUDOSDUDPHWHUVRIWKHSLOHFRQVLGHUHGLQWKHDQDO\VLV
FRQFUHWH 6WHHO
(F QF IFP IFWP (V QV I\
03D  03D 03D  03D  03D
       

)LJ)LQLWHHOHPHQWPHVKDGRSWHGLQWKHDQDO\VLVZLWKDGHWDLORIWKHUHLQIRUFHPHQW
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7KH VRLO DQG SLOH DUH GLVFUHWL]HG XVLQJ  QRGH OLQHDU EULFN UHGXFHG LQWHJUDWLRQ VROLG HOHPHQWV >@ $ PHVK
UHILQHPHQWLVSHUIRUPHGLQWKH]RQHVZKHUHKLJKOHYHOVRIVWUDLQDUHH[SHFWHGWRRFFXU5HLQIRUFHPHQWLVGLVFUHWL]HG
E\QRGHOLQHDUVXUIDFHHOHPHQWVZLWKUHGXFHGLQWHJUDWLRQ7KHERWWRPDQGWKHVLGHVRIWKHGRPDLQDUHORFDWHGIDU
HQRXJKIURPWKHSLOHWRDYRLGDQ\VLJQLILFDQWERXQGDU\HIIHFWRQWKHUHVSRQVHRIWKHSLOHVRLOV\VWHP7KHEDVHRIWKH
PHVKLVIXOO\IL[HGDQGWKHODWHUDOERXQGDULHVDUHFRQVWUDLQHGE\YHUWLFDOUROOHUV$QLQLWLDOVWUHVVVWDWHXQGHULVRWURSLF
FRQGLWLRQVLVDVVXPHGIRUWKHVRLOOD\HU$YHUWLFDOIRUFHDQGDKRUL]RQWDOIRUFHDUHVLPXOWDQHRXVO\DSSOLHGWRWKHSLOH
KHDGZLWKDQHFFHQWULFLW\IURPWKHJURXQGVXUIDFHRIP7KHVHIRUFHVDUHSURJUHVVLYHO\LQFUHDVHGLQVXFKDZD\
WKDWWKHLUUDWLRUHPDLQVFRQVWDQWLQDFFRUGDQFHZLWKWKHSUHVFULEHGYDOXHRIWKHLQFOLQDWLRQDQJOHD7KHDQDO\VHVDUH
FDUULHGRXWIRUYDOXHVRIDUDQJLQJIURPKRUL]RQWDOORDGWRYHUWLFDOORDG

)LJ,QFOLQHGORDGYHUVXVRYHUDOOGLVSODFHPHQWFDOFXODWHGDWWKHSLOHKHDGIRUGLIIHUHQWYDOXHVRIWKHLQFOLQDWLRQDQJOHD7KHDUURZVLQGLFDWHWKH
ORDGVFRQVLGHUHGLQ)LJ
)LJXUHSUHVHQWVWKHRYHUDOOGLVSODFHPHQWORDGFXUYHFDOFXODWHGDWWKHSLOHKHDGIRUVHYHUDOYDOXHVRID,WLVHYLGHQW
IURPWKLVILJXUHWKDWWKHVWLIIQHVVDQGEHDULQJFDSDFLW\RIWKHSLOHJHQHUDOO\LQFUHDVHZLWKDQLQFUHDVHRIWKHLQFOLQDWLRQ
DQJOHDOWKRXJKWKHILQDO ORDGFDOFXODWHGZKHQD!LVJUHDWHUWKDQWKDWRIWKHYHUWLFDOO\ ORDGHGSLOHD 7R
DQDO\VH WKLV EHKDYLRXU DQG WR KLJKOLJKW VRPH FKDUDFWHULVWLF DVSHFWV RI WKH SLOH UHVSRQVH WR LQFOLQHG ORDGLQJ WKH
GLVSODFHPHQWILHOGRIWKHSLOHDQGWKHVRLOLVVKRZQLQ)LJXUHVDQGUHVSHFWLYHO\IRUGLIIHUHQWYDOXHVRID$VLWFDQ
EHVHHQZLWKWKHH[FHSWLRQRIWKHFDVHLQZKLFKWKHORDGGLUHFWLRQLVFORVHWRWKHYHUWLFDORQHLHD!WKHSLOH
HVVHQWLDOO\H[KLELWVDIOH[XUDOEHKDYLRXU)LJZLWKDSDVVLYHZHGJHWKDWGHYHORSVLQWKHVRLO)LJIROORZLQJD
IDLOXUHPHFKDQLVPRI ORQJSLOH W\SH>@ ,QDGGLWLRQDFUDFNLQJSURFHVVRFFXUV LQ WKHFRQFUHWH IRUKLJK OHYHOVRI
ORDGLQJ,QWKLVFRQQHFWLRQ)LJVKRZVLQEODFNWKH]RQHRIWKHSLOHDIIHFWHGE\WKLVSURFHVVZKHQDQLQFOLQHGORDG
ZLWKGLIIHUHQWYDOXHVRID LVDSSOLHGWRWKHSLOHKHDG$OO WKHORDGVLQGLFDWHGLQ)LJXUHKDYHWKHVDPHKRUL]RQWDO
FRPSRQHQW  N1ZKLFK LV UHVSRQVLEOH IRU WKH IOH[XUDO EHKDYLRXU RI WKH SLOH 7KHUHIRUH )LJXUH  VKRZV WKDW
FUDFNLQJ LVDOVR LQIOXHQFHGE\ WKHYHUWLFDO FRPSRQHQWRI WKH ORDG7KHVH UHVXOWVFRUURERUDWH WKHDVVHUWLRQ WKDW WKH
VWUXFWXUDOSURSHUWLHVRIWKHSLOHVKRXOGEHDGHTXDWHO\DFFRXQWHGIRUWRVLPXODWHUHDOLVWLFDOO\LWVEHKDYLRXUXQGHULQFOLQHG
ORDGV 2QO\ IRU KLJK YDOXHV RI DD! WKH D[LDO EHKDYLRXU RI WKH SLOH SUHYDLOV RYHU WKH IOH[XUDO RQH ZLWK
GLVSODFHPHQWVRIWKHSLOHDQGVRLOWKDWHVVHQWLDOO\RFFXULQWKHYHUWLFDOGLUHFWLRQ$VVKRZQLQ)LJXUHWKHSUHVHQFH
RIWKHKRUL]RQWDOFRPSRQHQWRIWKHORDGLPSURYHVWKHEHDULQJFDSDFLW\RIWKHSLOH7KLVHIIHFWVKRXOGEHDVFULEHGWR
WKHVRLOUHDFWLRQH[HUWHGRQWKHXSSHUSRUWLRQRIWKHSLOHZKLFKEHQGVXQGHUWKHDFWLRQRIWKHH[WHUQDOORDG,QDGGLWLRQ
WKHDEUXSWFKDQJHLQWKHVORSHRIWKHORDGGLVSODFHPHQWFXUYHV)LJKDVWREHUHODWHGWRWKHRFFXUUHQFHRISODVWLF
GHIRUPDWLRQVLQWKHVRLOVXUURXQGLQJWKHSLOHWLS,QFRQFOXVLRQWKHORDGLQFOLQDWLRQFDQVLJQLILFDQWO\LQIOXHQFHWKH
UHVSRQVHRIWKHSLOHVRLOV\VWHP
210   Enrico Conte et al. /  Procedia Engineering  158 ( 2016 )  206 – 211 

)LJ'LVSODFHPHQWILHOGRIWKHSLOHIRUGLIIHUHQWYDOXHVRIWKHLQFOLQDWLRQDQJOH


)LJ'LVSODFHPHQWILHOGRIWKHVRLOIRUGLIIHUHQWYDOXHVRIWKHLQFOLQDWLRQDQJOH
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
)LJ=RQHRIWKHSLOHDIIHFWHGE\FUDFNLQJLQEODFNIRUGLIIHUHQWYDOXHVRIWKHLQFOLQDWLRQDQJOH7KHORDGVZLWKĮ DQGDUHLQGLFDWHG
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